Permineralized fossil plants in coal 
INTRODUCTION
Terrestrial tropical environments of the Pennsylvanian Period, best known as the coal age, are represented by innumerable dioramas that portray bizarre plants in family portrait settings, usually gathered around light gaps in dark forests of giant club mosses. The inaccuracy of such reconstructions, based on analogy with modem plants and forests, has become increasingly apparent. Whole plant reconstructions, life-history studies, and quantitative ecological analyses have revealed imique properties both of coal-age plants and the vegetation they comprised. Peatforming forests were but one part of diverse wetland environments of the tropical coastal plains (e.g., Scott, 1978) . Furthermore, the peat-forming forests themselves were complex, and included a variety of recvurent assemblages associated with different physical conditions (e.g., DiMichele and Phillips, 1994) .
Peat-forming mires are best known from coal ballsconcretions in coal seams that preserve the structural peat stages of the coal (Scott and Rex, 1985) . Most coal balls entomb the original organic fabric of the peat in calcium carbonate. Preservation is often exceptionally good, a taphonomic factor that encouraged generations of paleobotanists to study the morphology and systematic biology of coalswamp plants (Phillips et al., 1973; Andrews, 1980) . The development of quantitative methods (Phillips et al., 1977) led to wide ranging studies of coal-swamp ecology, partic-
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ularly of American deposits (Phillips et al., 1985; Raymond, 1988; Feng, 1989; DiMichele et al., 1991; Pryor, 1993) , which complemented the morphological work.
Coal balls generally are recovered from commercially minable coal seams in the course of mining. Thus, nearly all these analyses have focused on the plants of peat substrates. However, coal balls or coal-ball like preservation also occur in impure coals that more accurately may be called organic shales. We report here on such a deposit that preserves a vegetation transitional between peat and clastic substrate swamp habitats. The vegetation is distinctive, and has been identified in deposits from thick coal seams, but mostly in association with underclays and clastic partings (DiMichele and Phillips, 1988) . This report confirms its association with ecotonal environments.
GEOLOGICAL SETTING
Materials studied in this analysis were collected in the Eby Pit of the Peabody Coal Company Lynnville Mine, located on Indiana highway 61 between the towns of Boonville and Lynnville in Warrick County, Indiana (Figure 1 ). Coal balls were collected from deposits in the Degonia Springs 7 Vi' Quadrangle, E % Section 6, T5S R7W. Coal balls occurred in the upper bench of the Springfield Coal Member of the Carbondale Formation (Petersburg Formation in Indiana usage), which is upper Middle Pennsylvanian. This is late Desmoinesian in age, equivalent to the late Westphalian D in European stratigraphic terminology-
The geology of this locale is discussed in detail by Eggert et al. (1983) and Willard et al. (1995) . The Springfield Coal in the Eby pit is split into two benches. The benches are separated by a complex of mudstone and sandstone, part of an interconnected system of channel-form rock bodies 1.6-6.0 kilometers in width that forms a split in the Springfield Coal. Eggert (1982) mapped these rocks as the Folsomville Member. The Folsomville Member may be as much as 15 m thick in the Eby pit. The main (lower) bench of the Springfield Coal dips steeply into the area of split coal and varies from 0.6 to 1.5 m in thickness (Willard et al., 1995) . The upper bench of the Springfield Coal, continuous with the main coal bed at the edge of the split, is present over most of the Folsomville Member and varies widely in character. In some sections, it appears as a normally bright-banded bituminous coal. In other areas, it appears as a clastic-rich coal or organic shale and in some cases, the clastic-rich layers may be intermixed with more coaly layers or grade upward into a normally bright-banded coal. According to Eggert et al. (1983) the upper bench most commonly has a distinctly shaley lower facies near the margin of the split. The organic interval in the upper bench may vary in thickness from a few centimeters to nearly 1 meter. Overlying the coal is the black, fissile Turner Mine Shale Member, which is up to 0.7 m thick. It may contain marine invertebrates at its base, and these maybe mixed with the uppermost layers of the upper bench of Springfield Coal. The Turner Mine Shale is, in turn, overlain by the St. David Limestone Member, which may be up to 1.5 m thick in the areas we examined, contains an open marine fauna, and may be clastic rich in the lower twothirds of its thickness. Both the Turner Mine Shale and the St. David Limestone tend to be somewhat thicker above the area of the Folsomville Member and split Springfield Coal than above adjacent areas of unsplit coal. The Folsomville Member has been interpreted by Eggert and coworkers (Eggert, 1982 (Eggert, , 1984 Eggert and Adams, 1984; Eggert et al., 1983; Willard et al., 1995) as a large splay, composed of fioodplain and channel facies. Most of the clastic fill is composed of a series of migrating channels and associated overbahk clastic deposits formed in backswamps. Plant growth vdthin the channel belt is indicated by occasional immature paleosols, which are evidenced by in situ roots in blocky mudstones. Compressions of the plants that presxmiably colonized the flood plain have been described by Willard et al. (1995) . Eggert (1982) FIGURE 2-North-south transect through Eby pit. Coal-ball collecting sites, in the thin upper bench of split coal, are numbered. Profiles were collected at sites 8 and 9; coal balls were collected from a single horizon at sites 1 to 7.
LESLIE CEMETERY PALEOCHA^4NEL
scribe this feature genetically. Clastic deposition in the paleochannel took place while peat continued to accumulate in the adjacent Springfield Coal mire. As the channel filled, orgiinic mucks formed in swamps between the margins of the mire and the active channel belt. These mucks gradually prograded over the coarser elastics of the paleochannel belt, perhaps as the local base level rose and clastic deposition in the channel began to slacken. Locally, purer peat then developed above the swamp mucks, forming the highly variable upper bench of the Springfield Coal.
MATERDU.S AND METHODS
The coal balls examined in this study occur entirely within the clastic-rich upper bench of the Springfield Coal near the margin of the paleochannel where the clastic lower facies of the upper bench is best developed (Eggert et al., 1983; Willard et al., 1995) . Coal balls were collected at nine sites in a roughly north to south transect 850 m in length (Fig. 1) , and at an additional locahty approximately three kilometers to the west of the transect. The collecting sites in the transect are numbered 1-9, and the western outlier is site 12. Collections from sites 10 and 11, in the vicinity of site 12, were too poorly preserved for further analysis; those from site 3 were removed from the analysis due to small sample size. In addition to in situ specimens, a random sample of coal balls was collected at site 12; some of the illustrative material is derived from this random sample. Sites 1-7 are collections from a single zone of coal balls near the top of the organic shale bed (Fig. 2) . Sites 8, 9, and 12 iire profiles that include zones from two or more horizons in the organic shale (Table 1) . A detailed lithologic description of the transect can be found in Willard et al. (1995) . The entire coal ball transect falls between stratigraphic sections 6 and 8 in figure 3 of Willard et al. (1995) . Coal-ball site 4 of the present paper corresponds to stratigraphic section 7 of Willard et al. (1995) .
Throughout the coal-ball transect, the upper bench of coal is primarily an organic shale with coaly stringers. Shale laminae contain numerous plant fragments preserved as compressions and detritus. Due to its variation in character, the upper bench was sampled for proximate analysis only in areas where it displayed a conspicuously coaly aspect; Eggert (1984) and Willard et al. (1995) report high ash values of 13.6% and 30.7% respectively, compared with values from 5%-14% typical of the lower bench Coal balls were collected and analyzed quantitatively according to the techniques described in Phillips et al. (1977) . Samples were cut transversely, and cellulose acetate peels were prepared from the cut surfaces. Peels were attached to a transparent acetate sheet marked with a matrix of numbered, cm-square grids. The plant-organ tjrpe and its taxonomic affinity were recorded for each grid. Fusain, mineral matter, and invertebrate shells were noted. Data were compiled by site, or by zone if there were multiple zones at a site. Initial analyses include all unidentified and root material. For ecological analysis, roots are eliminated because they may have penetrated the litter layers from later vegetational stands. Exceptions to this are some roots of the Psaronius aerial root mantle. The inner root mantle was evidently entirely aerial, and it is counted as such. However, for roots of the outer mantle, we have found no objective means to separate aerial from subterranean portions. As a compromise solution, we arbitrarily count one-half of all outer roots as aerial.
Analysis of the data is presented in several forms. Raw data for the transects and profiles appears in Figure 3 , illustrating the relative proportions of identified categories by major plant group, unidentified categories of plants, invertebrates, or clastic matter in the coal balls. Fusain (mineral charcoal) content of collections (Table 2) is based on a data set from which all non-plant materials have been removed and the remaining abundances normalized to 100% aggregate abundance. Finally, all ecological analyses are performed with data normalized to 100% identified aerial tissues, from which roots and material not identifiable to major plant group have been removed.
Exploratory ecological analyses were performed with SYSTAT version 5.1 for Windows (Wilkinson et al., 1992) . Data were ordinated with non-metric multidimensional scaling in two dimensions. Euclidian distance was used as the metric because data were continuously variable in character. Cluster analysis was performed using the unweighted pair groups method of analysis (referred to as average linkage in SYSTAT). Taxa used in the quantitative ecological analysis were reduced to the lowest taxonomic level for which reliable whole-plants could be constructed fi-om dispersed organs. Lycopsids, small ferns, cordaites, and some small pteridosperms are treated best as whole plants. Medullosans, Psaronius tree ferns, several small pteridosperms, and sphenopsids are well characterized from isolated organs, but few of these can be assembled reliably into whole-plant species. Table 3 shows the data matrix used in the ordination and cluster analysis. Table 2 provides a complete list of taxa identified and species diversity (richness) for each assemblage. Medullosan diversity was estimated using "species" of foliage, which was more common than ovules, and, at all but one site, more diverse; medullosan stem and rachis segments are difficult to identify to species at the present time (but see Beeler, 1983; Pryor, 1990) . Psaronius diversity was estimated using reproductive organs, which in some instances can be correlated with specific types of reproductive structures (Lesnikowska, 1989) . Although three types of Marattialean reproductive organs were found in Eby pit assemblages, only one Psaronius stem type was encountered, but it does correlate with one of the common types of reproductive organ.
Specimens used in this analysis are housed in the Paleobotanical Collections Facility at the University of Illinois, Champaign-Urbana. The coal-ball numbers and the surface area quantified for each site, or zone at a site, are presented in Table 2 . Peels of illustrated specimens are housed in the Paleobotanical Collections of the National Museum of Natural History; USNM catalogue numbers appear in the captions of the figures that reference the respective specimen.
RESULTS

Whole-peat Composition
The major group composition of the transect sites and zones is illustrated in Figure 3 . Four major groups of vascular plants comprise the whole-peat composition: lycopsids, pteridosperms, ferns, and sphenopsids, in descending order of abundance. Cordaites are rare to absent. At sites 1-7 percent abundance of lycopsids and pteridosperms are almost equal, with the largest divergence at site 7 (Table  4) .
This transect of sites, summed and treated as a single horizon, yields peat composed 43.9% of lycopsids and 43% of pteridosperms. This is by far the highest abundance of pteridosperms reported from such a large collection. The shoot/root ratio of sites 1-7 is 2.9, one of the highest ever reported from a large coal-ball data set. This results in large part from the great abundance of pteridosperm tissues, mostly foliage (76%).
As will become apparent in subsequent presentations of the data, one lycopsid in particular, Paralycopodites brevifolius, accounts for the bulk of the tissue at most sites, with two species of the Lepidodendraceae (Lepidodendron hickii and Lepidophloios hallii) also contributing heavily FIGURE 3-Whole peat composition of coal-ball samples from each of the nine transect sites. Sites 8 and 9 consisted of multiple zones; zone 1 is uppermost in each profile (see Table 1 ).
to the peat, especially at sites 8 and 9. On a whole-peat basis, sites 8 and 9 also have high shoot/root ratios, 2.6 and 3.2 respectively, averaged across the whole profile. Nevertheless, much of the lycopsid and pteridosperm tissues are root systems. At site 12 the shoot/root ratio is 1.5. Unidentified plant tissues are of relatively low abundance, usually < 10% except at lowermost zones of Sites 8 and 9 where they represent 22.2% and 43.3% of the peat, respectively. Fusain (mineral charcoal) is of minor importance in the coal-ball deposits (Table 2 ). Several zones in profile 8 had no detectable fusain. Zone 4 at site 9 had the highest abundance, at 24.3%, but this was due almost entirely to two large fragments of lycopsid bark and cortical tissue. Excluding the anomalously high fusain levels in Site 9, Zone 4, the average amount of charcoal per assemblage is 2.5%. Such a fusain abundance is relatively low compared to other late Middle Pennsylvanian coals that have been analyzed quantitatively (Phillips and DiMichele, 1981; DiMichele <md Phillips, 1988; DiMichele et al., 1991) .
Transverse sections of four typical coal-ball faces are illustrated in Figures 4 and 5, and show peat fabric and the mix of organs. Eby pit coal balls are similar preservationally to almost all other known coal-ball deposits in general character. The peat is composed mostly of fragmentary large organs surrounded by a matrix of more detrital and organic material. Preservation of the Eby peats is relatively good, including the presence of delicate parenchyma- tous tissues in many organs. As can be seen from the faces illustrated, slight compression has resulted in general dorsi-ventral flattening. The degree to which peats are flattened varies greatly among coals and among zones of coal balls in a single coal, and can be much greater than that illustrated. The general fabric of the Eby peats is "open," meaning that well-preserved larger organs are embedded in a matrix of detrital peat and small fragmentary litter. Small roots, particidarly those of medullosans, are abundant and widely scattered in some coal balls (Fig. 4A ) but usually do not penetrate large litter. Surface decay levels were relatively low, peat accumulation relatively rapid, and consequent repeated penetration by roots from different forest stands limited. These preservational characteristics apply to assemblages dominated almost exclusively by meduilosan pteridosperms (Figs. 4A and 5B) or those in which medullosans and the lycopsid Paralycopodites codominate (Figs. 4B and 5A). Where lepidodendracean lycopsids were most abundant, peat tended to be more poorly preserved with higher levels of tissue decay. Marine invertebrates occur in each of the collections from sites 1-7 and in two zones of the profile at site 8. Detailed examination of oriented coal balls indicates that a lag of shelly material was deposited on the top of the upper bench of the peat; a number of coal balls indicate erosion of the uppermost layers of the organic mud followed by or as- (N in t^ sociated with deposition of a shell lag (Fig. 5A) . A similar deposit was reported in the Herrin coal in association with coal balls (DeMaris et al., 1983) , and has been observed in the Upper Pennsylvanian Calhoun coal (Mamay and Yochelson, 1962) . Figure 5 illustrates coal balls in which invertebrates have been incorporated into the peat matrix. In most instances, as in Figure 5B , the invertebrate shells appear to have been introduced into the peat from above through the activity of burrowing invertebrates. This is indicated by sharp boundaries between the invertebrate-rich muds and adjacent peats, and by the disposition of the invertebrate deposits, cutting across the peat fabric from top to bottom. However, in other cases, as illustrated in Figure 5A , invertebrate shells are well mixed within the peat fabric, possibly occurring contemporaneously with peat deposition or, through reworking of the top of the peat, shortly after it ended. Figure 5A illustrates two layers of coal balls. The top layer, composed of several small coal balls, is a homogeneous mixture of marine mud and finely detrital peat. In the lower layer, marine invertebrates are concentrated in the center of the coal ball, but also appear to be interstitial elements of the peat. It appears possible that brackish to marine waters may have entered the Leslie Cemetery paleochannel as base level changed and drovwied at least the final swamp vegetation.
Ecological Analysis
Plant assemblages of the Eby pit can be divided into two major types. The first, which accounts for 10 of the 16 assemblages analyzed, is dominated by medullosan pteridosperms or codominated by medullosan pteridosperms and the lycopsid tree Paralycopodites brevifolius. The other assemblages are dominated by lycopsids, either Lepidodendron hickii, Lepidophloios hallii, or indeterminate lepidodendracean lycopsid tissues assignable to either of these closely related species (Figure 6 ). Two small assemblages, site 9 zone 1 and site 9 zone 4, show overlap in these otherwise disparate dominant elements. In these two cases, lepidodendracean tissues are most abundant, but medullosans also are of importance in the assemblage. Lepidophloios hallii is widespread and occurs in abundances of < 10% in nearly all assemblages (Table 3) ; this is consistent with its widely dispersed seed-like propagules.
The distinction between the two major kinds of communities (assemblages) is shown very clearly in the ordination (Fig. 6 ) and cluster analyses (Fig. 7) . Assemblages 8-1, 8-3, and 9-4 are dominated by tissues that were identifiable only to the level of Lepidodendraceae. In the mechanics of the statistical analysis, these are coded as a unique taxon different from the identifiable species of the Lepidodendraceae that probably produced the tissue, thus leading to a more distinct separation than is warranted. It is likely that these assemblages were dominated by Lepidophloios hallii, and share the low species diversity, particularly the rarity of ground cover and ferns, which typifies dominance by this species (DiMichele and Phillips, 1988) . Figure 7 shows that assemblage 8-2, strongly dominated by Paralycopodites brevifolius, does not cluster closely with the other P. brevifolius-Medullosa assemblages, a consequence of its relatively low proportion of medullosans and high lycopsid dominance.
Taxonomic Considerations
Species identified in the samples and the species diversity at each site are presented in Table 2 . Selected taxa are illustrated in Figures 8 and 9 . Overall, there are either 22 or 24 species in the entire Eby pit assemblage, depending on whether Medullosa is typified by foliage (four species) or ovules (six species). Considerable changes in the taxonomy of arborescent lycopsids in the past 15 years are summarized in Bateman et al. (1992) . The five species of five lycopsid genera that occur at the Eby pit are widely known from late Westphalian D coals in the United States and have distinctively different vegetative anatomies and reproductive organs, rendering them highly differentiable even in fragmentary preservation. All the lycopsids were trees except for Hizemodendron serratum, which had a sprawling, ground-cover growth form (Baxter, 1965) .
For Psaronius tree ferns, we followed the taxonomic usage of Lesnikowska (1989) , who correlated the various vegetative organs with each other and with reproductive structures. The only stems encountered in the collections were those of Psaronius magnificus, which is characterized by a highly distinctive aerenchjmiatous stem cortex and limited root mantle (Rothwell and Blickle, 1982) ; P. magnificus correlates vwth the reproductive structure Scolecopteris latifolia. No distinct stem remains were found for the two other reproductive forms, Scolecopteris gnoma and S. altissima. Only two small ferns were encoimtered. Anachoropteris involuta occurred widely in low abundance; reproductive organs of Ankyropteris brongniartii occxirred in one coal ball.
The sphenopsid assemblage was typical of the late Westphalian D. The two calamite species were probably small, upright shrubs or trees forming thickets. Included are Arthropitys communis, the probable source of Calamocarpon-type reproductive organs, and Calamodendron americanum, an uncommonly encoimtered species in most other coal-ball deposits. Sphenophyllum plurifoliatum had a sprawling ground-cover growth habit and was distributed widely, being absent in only one instance from those assemblages heavily dominated by lepidodendracean lycopsids.
Of the seed plants, cordaites were quite rare, as is typical for coals younger than middle Westphalian D. Small pteridosperms also were rare. Heterangium of a form that produced Conostoma leptospermum ovules, a possible vine (Pigg et al., 1987) , was found in low abundances in several assemblages; Callistophyton boysetii, which had a sprawling habit (Rothwell, 1981) , was identified from its reproductive organs in a single coal ball. The vegetative remains of arborescent pteridosperms are difficult to identify to species and, for the most part, are poorly correlated with reproductive organs or foliage types. The clearest generic distinction is between Sutcliffia, which produced Ee- ticulopteris-type foliage, and Medullosa, which is associated with a number of fohage and ovule types. Four types of medullosan foliage occiured widely: Alethopteris lesquereuxii, A. sullivantii, Neuropteris rarinervis, and a foliage type that we have not identified to species (thin lamina with highly melanic mesophyll). These vary in relative proportions in different assemblages; any one species may be the most abundant locally. Reticulopteris foliage was common only in the one assemblage that also had abundant Sutcliffia insignis rachises.
Six types of ovules were identified with the following patterns of occurrence: Pachytesta illinoensis occurred in five assemblages, and was the only ovule in four of these; Hexapterospermum sp. was represented by a single specimen in an assemblage (12-1) that included several Pachytesta saharasperma (which occvirred no where else), Pachytesta illinoensis, and an unidentified large ovule; Pachytesta stewartii and a large ovule, possibly Poc/iytesto gigantea, occvirred only once and in the same assemblage; DISTANCES 50.000 FIGURE 7-UPGMA cluster analysis of 14 assemblages from the Eby pit transect. Numbers refer to sites and, where appropriate, zones (in parentheses). Assemblages 1, 2, 4, 5, 6, 7, 9(1), and 8(4) are dominated by medullosan pteridosperms, or codominated by medullosans and the lycopsid Paralycopodites. Assemblages 8(1), 8(2), 8(3), 9(2), 9(3), and 9(4) are dominated by lycopsids. Of these, all are dominated by Lepidodendron or Lepidophloios of the Lepidodendraceae, except for 8(2), which is composed nearly entirely of Paralycopodites.
Pachytesta hoskinsii occurred as a single specimen in an assemblage with no other identifiable ovule types; imidentifiable fragments of ovules occiirred in several of the assemblages.
The total species diversity in the entire data set is fairly typical of a well sampled, late Westphalian D assemblage from one basic environmental type. Diversity is lower than that foimd in profiles from thick coals where a number of subenvironments are sampled. Total area sampled in this analysis v/as 17,486 cm^, which is a relatively large area, comparable to the vertical profiles composed of multiple zones collected from other localities. Only a few of the species occur at only one collecting site, including Sutcliffia insignis, Callistophyton boysetii, and Ankyropteris brongniartii. Cordaites were the only major tree group to occiuat as few as two sites. All others had wider distributions (estimating Medullosa diversity fi-om foliage rather than ovules). The compositional consistency over a large area suggests that sampling has captured the major elements of the vegetation.
DISCUSSION
Pennsylvanian-age peat-forming environments are among the best known of any types of fossil deposits, both taxonomically and ecologically, due to the exquisite threedimensional preservation afforded by coal balls. For the most part, however, coal balls have given us insights into the vegetation of peat-forming mires. Floras of clastic environments are known mostly firom compression and impression preservation, and appear to be dominated by different species from those of peat-forming environments (Scott, 1978; Pfefferkom and Thomson, 1982; Gastaldo et al., 1995) . The different forms of preservation limit the cross comparability of peat and clastic floras, both of which grew in the tropical wet lowlands. For this reason, the coal balls from the Eby pit are an important bridge between the vegetation of peat and clastic swamps, and were important in the reconstruction of the landscape of the Springfield peat swamp illustrated in Phillips and Cross (1991) .
The Eby flora appears to have grown in swampy lowlands fringing the peat mire along the margin of the Leslie Cemetery channel floodplain. Such swamp areas were probably stagnant much of the time with occasional floods carrying in fine clays. The deposit appears to have alternated between clastic muck and thin intervals of relatively pure peat. The coal-ball phases appear to have formed within the thin peat-rich layers, although inorganic material and peat were intermixed in coal balls from several sites. Coal balls frequently were surrounded on all sides by clastic organic shales. For much of its extent, the organic shale deposit is underlain by a well-developed underclay (Willard et al., 1995) . In addition, the juncture of the main coal bench and thin upper bench is not marked by extensive interfingering. These observations indicate that clastic swamps formed late within the life of the Folsomville splay, in conjunction with a change in local base level that ultimately became a marine incursion. Elevated water tables within the splay may have encouraged the development of clastic swamps. The marine units overlying the Springfield are thicker within the area of the Folsomville elastics, which is consistent with a more prolonged period of deposition there.
Root systems of all the major plant groups, including medullosans, were common in the coal balls, and the thinness of the peat zones insures that many plants were rooted in muck and had access to much higher nutrient levels than plants of thick peat substrates. This is reflected in the sizes of plants, such as Paralycopodites brevifolius, which appear to be considerably greater in the Eby coal balls than in coal balls from other, less clastic-rich peatsubstrate sites, such as the Secor coal (DiMichele et al., 1991) and Herrin coal (DiMichele and PhUhps, 1988) . The compositional makeup of the vegetation, particularly the low diversity and relative abundance of grovmd cover, and relatively low proportions of free-sporing tree ferns, are consistent with a commonly flooded substrate.
Dominant Plants of the Eby Pit Flora
The dominant elements in the Eby pit flora represent two distinct types of swamp floras. The more typical of the two is dominated by lycopsids of the family LepidodendraceaeLepidophloios hallii and Lepidodendron hickii. Lepidophhios species are relatively more common in coal-ball floras of the Westphalian than in compression floras, and they are important to dominant elements of many peat-forming mires, indicated both by macrofossil and palynological studies (Phillips et al., 1985; DiMichele and PhUhps, 1995) . Typically such assemblages are associated with bright-coal macerals and moderate ash levels, indicating some flooding and probably persistent water cover (e.g., Eble and Grady, 1990) . Gastaldo (1987) reports Lepidophloios in deep-water clastic swamps of the Westphalian A in association with low-diversity commimites, paralleling the patterns oiLepidophloios-dorainated assemblages from Westphalian D coals (DiMichele and Phillips, 1988) . Lepidodendron, in contrast, is more common in compression-impression floras than in coal-ball floras throughout the Westphahan, where it occurs in a wide variety of habitats from organic-clastic swamps (Lamboy and Lesnikowska, 1988) to back-swamps along chaimel margins, generally in association with relatively diverse vegetation (Gastaldo, 1987) . Lepidodendron appears to have been considerably less diverse on peat substrates, although L. hickii occurs in coal-balls throughout the Westphalian and is of occasional importance (DiMichele, 1983; Calder, 1993) . Willard (1989a, b) contrasted Lycospora spore assemblages produced by the Lepidodendraceae in elastics and coal, and also found distinctive species composition.
The assemblage less often found in Westphalian-age coal balls is that dominated by medullosans and the lycopsid Paralycopodites brevifolius. Ample evidence supports the dominance of medullosans in wet floodplain environments of the Westphalian (see Pfefferkom and Thomson, 1982 , for discussion), where they were diverse. The foliage genera Neuropteris sensu lato, recently subdivided into several genera by Cleal and Shute (1995) , Alethopteris, Paripteris, Linopteris, and Reticulopteris consist of numerous well delimited species. A few of the species known from compression-impression preservation also have been reported from coal balls, including Afewroptens scheuchzeri (Beeler, 1983) , Neuropteris ovata (Beeler, 1983) , Neuropteris rarinervis (Oestry- Stidd, 1979 ) , Alethopteris lesquereuxii (Baxter and Willhite, 1969) , Alethopteris sullivantii (Leisman, 1960) , Alethopteris serlii sensu lato (Mickle and Rothwell, 1982) , Alethopteris bohemica or A. grandinoides (Mickle and Rothwell, 1982) and Linopteris sp. (Stidd et al., 1975-'probably Reticulopteris milnsteri) . We have encountered several additional forms in the course of our quantitative studies, although the numbers appear to be small. So, in general, only a small subset of medullosans appears to have crossed regularly between clastic floodplain habitats and peat-substrate mires. Furthermore, there are no reported medullosan foliage species unique to ancient peat-substrate habitats. Medullosans have been reported as dominant elements in some organic-clastic swamp deposits from both the Westphalian (Lamboy and Lesnikowska, 1988) and Stephanian (DiMichele, unpublished data), but species again are drawn from those already known to inhabit both peat and mineral substrates.
The other dominant plant in this environment is Paralycopodites brevifolius, probably represented in compression preservation by Ulodendron majus (Thomas, 1967) , which, in American compression floras at least, is quite rare. Paralycopodites brevifolius is known from the Lower Carboniferous and occurs sporadically in coal-ball deposits throughout the Westphalian (DiMichele, 1980) , often in association with clastic-and-fusain enriched portions of coal seams. The occurrence of Paralycopodites brevifolius and medullosan pteridosperms is a recurrent theme in many coal-ball assemblages throughout the Westphalian, first occurring in the Westphalian A (DiMichele and Phillips, 1995) . Where it has been possible to correlate recurrent "communities" with physical environmental indicators, this kind of assemblage is strongly associated with high levels of mineral matter in the coal, with clastic partings or with the underclay (all seen in the Herrin coal; DiMichele and Phillips, 1988) , with rotted peat (such as in the Secor coal of Oklahoma; DiMichele,et al., 1992) , or more broadly with "planar" mire conditions that were distant from marginal areas but still subject to nutrient enrichment (Calder, 1993) . Thus, the inference of association with distinctive ecotonal conditions was made by aggregation of data from many point sources (i.e., individual small zones in coal ball profiles or through incremental palynological analysis). The Eby pit site is the first collection to demonstrate the close and clear association of this flora with distinctly clastic swamp conditions over an extended local area.
The Eby pit transect covers a distance of about 1 km. from sites 8 and 9 at the northern end through sites 1 to 7, proceeding from north to south. Nearly all of this transect is dominated by the Paralycopodites-medvLWosan community type. Only near the edge of the upper bench, within 100 m of its union with the lower bench, do assemblages appear that are dominated by lycopsids of the Lepidodendraceae, Lepidophloios hallii and Lepidodendron hickii. Medvillosans remain common in these lepidodendracean assemblages, but Paralycopodites abundances are greatly reduced. As such, they are similar to the lycopsid-dominated assemblages described by Gastaldo (1987) near paleochannels or splays. Within the site 8 profile in particular, there is an oscillation of the two community types in successive zones. The abundance of medullosans within^ the marginal lepidodendracean assemblages reflects the high levels of clastic matter in the swamp. Coal balls occur within the unsplit Springfield Coal in three mines between 3 and 4.5 km from the Eby pit. These sites also contain large percentages of medullosan pteridosperms and a great variety of lycopsids. In fact, the Springfield Coal in western Indiana has perhaps the most diverse arborescent lycopsid assemblage of any of the major Westphalian coals we have examined, including Lepidophloios hallii, Lepidodendron hickii, Paralycopodites brevifolius, Sigillaria sp., Hizemodendron serratum, Diaphorodendron scleroticum, Synchysidendron resinosum, and Sublepidophloios sp., all in dominant to subdominant abundances. However, in the coal-ball profiles from the unsplit Springfield Coal, assemblages typical of other late Westphalian coals predominate, with the Paralycopodites-meduUosan assemblages occurring rarely (DiMichele and Phillips, 1995) .
Comparisons with Coal-ball Studies from Spain
Thus far there is only one other report of extremely high pteridosperm abundances (48%, as a percentage of individual specimens) in coal-ball deposits (Beckary, 1987) , from NW Spain in a seam of Namurian C-Westphalian A age. This represents the only deviation from lycopsid dominance in the European Westphalian. As in the Eby Pit, the Spanish coal balls are mixed (plant material and marine invertebrates). In contrast to the Eby Pit, however, all of the other major plant groups (ferns, lycopsids, sphenopsids and cordaites) occiured as approximately equal numbers of specimens in the Spanish coal balls; shoofroot ratios were inferred to be considerably lower, and preservation was sometimes poor.
Occiurences of Mixed (Plant-Marine Invertebrate)
Coal Balls
The concept of mixed coal balls, containing both plants and animals, was first elaborated by Mamay and Yochelson (1962) . Two tjrpes of coal balls were described in this study: a homogeneous type with plant and animal remains fiilly intermixed, and a heterogeneous type with distinct segregation. Such coal balls are sometimes found in the top zones of coal-ball deposits and have been recorded widely in the Middle and Upper Pennsylvanian in the United States (Mamay and Yochelson, 1962) and in the Middle Carboniferous of the Donets Basin (Zaritsky, 1968) . Reports have been exceedingly rare in Western Europe (Hobnes and Scott, 1981) . Marine invertebrate fossils were first; reported in coal balls of the Springfield Coal from several abandoned mines in the Boonville, Indiana area (Boneham, 1976) . The study indicated animal remains in not more than 5% of the coal balls; however, none of the coal balls were found in place in the coal. Animal studies of some of the coal balls from site 12 at Eby Pit led to the description of beautifully preserved conodont assemblages by Rexroad (1993) and the interpretation that the animals lived in a nearby mud-trapping, salt-water mire not subjected to major fluctuations in salinity.
Palynological Studies Willard (1993) studied the palynology of the Springfield Coal throughout its extent in Indiana, Illinois, and westem Kentucky. She identified large-scale gradients within the coal, particularly in the relative abimdances of treefern and lycopsid spores. Tree-fern spores are characteristically the most abundant spores in Springfield samples. Areas distant from contemporaneous paleochannels are dominated by the fern spore Thymosporapseudothiessenii, and by a broad spectrum of lycopsid spores. In contrast, areas of unsplit coal near paleochannels have a broad spectrum of tree-fern spores in codominant abundances. Lycopsids are of secondary importance throughout most of the areal extent of the coal, with Lycospora producing forms of greatest importance; Lycospora was produced by members of the Lepidodendraceae andhy Paralycopodites. Only near the Folsomville/Leslie Cemetery paleochannel complex were lycopsids dominant, represented particiolarly by Lycospora spp., and tree-fern spores of secondary importance. Lycospora orbicula, produced by Paralycopodites, is particularly abundant in the upper bench of the coal near the paleochannel (Willard et al., 1995) . These patterns of spore distribution are consistent with the coal-ball patterns from the Eby pit and nearby mines.
Transects have been reported from a number of other coals of Westphalian age. Virtually all of these combine palynology with examination of coal petrology and geochemical .analyses. For example, Eble et al. (1994) studied a margin to interior transect in the Lower Pennsylvanian (Westphalian A) Mary Lee coal bed of Alabama; vegetational and associated physical changes in early Middle Pennsylvfinian (Westphalian B) coals have been examined for the Springhill Coal of Nova Scotia by Calder (1993) and the central Appalachian Fire Clay coal bed by Eble and Grady (1990); Hower et al. (1994) studied the late Middle Pennsylvanian (Westphalian D) No. 5 Block coal bed from the Appalachians. The transects in each of these coals were long, extending from the margin to the interior parts of the coal bodies, and vertical patterns also were studied. In general, floras show clear evidences of lateral change, especially in areas approaching the margins of the original peat bodies. In these areas, mineral matter and sulfiir increase in concentration and are associated with greater plant diversity and floristic changes, often including species more commonly found in compression floras. However, the patterns found in the coals examined in the previously mentioned studies are often variable, reflecting the unique conditions in each of the ancient mires. Calder (1993) , for example, found spores of Paralycopodites to be a major element of the Springhill coal flora, but in planar parts of the interior mire, rather than near the clastic-rich base of the seam, above the mineral underclay.
Clastic Swamp Studies
Other studies of vegetational changes along transects in the late Paleozoic include Gastaldo's (1987) report of a long transect from a clastic swamp to a levee environment in rocks of the Lower Pennsylvanian of Alabama. This transect showed marked similarities to patterns found in the coal-bed transects, with increases in diversity and complexity of the vegetation toward the swamp margins and levees. Lycopsid trees, especially Lepidophloios, dominated in the low-diversity standing-water swamp deposits; pteridosperms, ferns, sphenopsids, and the lycopsids Lepidodendron and Sigillaria were abundant in the better drained habitats. On a smaller scale, DiMichele and Nelson (1989) described transects through clastic swamp vegetation in the roof shale of the Springfield Coal in Illinois, from a nearly pure stand of Sigillaria to vegetation dominated by pteridosperms. Changes in dominance patterns were abrupt and were inferred to reflect changes in hydrologic conditions.
The variety of patterns revealed in these transects suggests that controls on vegetational distribution in the late Paleozoic were as complex as they are today. Some basic patterns have begun to emerge. For example, the distributional patterns of species of lycopsid trees are increasingly well understood. Basic differences in the physical tolerances and ecological strategies of seed plants, sphenopsids, lycopsids, and ferns may be more clearly marked in the Paleozoic than at any other time in land-plant history. However, in order to use the patterns of the late Paleozoic as part of model systems to understand the effects of environmental change on short-term and long-term vegetational dynamics, it will be necessary to understand individual species tolerances in as much detail as possible, given the challenges presented by the fossil record.
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